Chloroauric acid trihydrate is corrosive and hygroscopic. It can cause eyes and skin burns upon contact. It also causes gastrointestinal tract burns if swallowed and burns to the respiratory tract by inhalation. Sodium citrate may cause irritation to skin, eyes, and respiratory tract. Sodium borohydride is flammable and toxic. It is also a strong reducing agent, is corrosive, and may cause burns to any area of contact. 4-nitrophenol is poisonous via inhalation, swallowing, and contact with the skin. This experiment uses dilute solutions, which may be prepared ahead of time to minimize the risk that the solids and concentrated solutions pose to students. Labeled waste containers should be made available. Gloves, lab coat, and safety glasses should be worn throughout the experiment. All laboratory exercises should be carried out under the supervision of trained and qualified personnel.
Synthesis of Au NPs with controlled sizes
In order to minimize the synthesis time of Au NPs with different sizes, students should be encouraged to perform three independent/ parallel reactions, one for each desired Au NPs size (seed, first and second deposition steps).
Optical properties
Students should be encourage to take digital photographs of the suspensions containing the Au NPs of different sizes as well as from the initial AuCl 4 -(aq) solution to use in the lab report. Students will be provided with TEM images of the obtained Au NPs in the second lab session in order to describe/interpret the variations in optical properties and catalytic activity.
Study of catalytic activities: 4-nitrophenol hydrogenation reaction
It should be emphasized that 4-nitrophenol is converted to 4-nitrophenolate ions in the presence of an excess of sodium borohydride. Students should calculate the amount (in mols) of sodium borohydride and 4-nitrophenol employed in the catalytic reaction. This transformation is accompanied by a change in color from pale yellow to dark yellow as well as a shift in the absorbance peak from 317 nm (for 4-nitrophenol) to 400 nm (for 4-nitrophenolate ions) in the UV-VIS spectra. Under this condition, the reaction kinetics approaches the pseudo-first-order regime, in which the variation in the concentration of sodium borohydride during the reaction becomes negligible. Thus, the decrease in the absorbance for the band at 400 nm can be employed to monitor the reaction kinetics (extent of the reaction) and the rate constants can be estimated from the slope of the linear correlation between ln(C t /C 0 ) and time according to the following equation, which represents the pseudo-first-order rate law:
where C t correspond to the absorbance at 400 nm as a function of the time t; C 0 the initial absorbance, and k the rate constant. Students should be able to conclude that the disappearance of the band at 400 nm will be slower as the Au NPs size increased, in agreement with the decrease in catalytic activity with size. The role of the catalyst should be emphasized by the observation of no changes in the 400 nm band intensity in the absence of Au NPs, indicating that the presence of the catalyst is essential for the reaction to take place in this timeframe (no reaction occurs in the absence of catalyst under similar conditions).
Lab report
The report should follow the format of a scientific paper, comprising an introduction, experimental, results and discussion, and conclusion sections. All answers to the lab questions should be included in the discussion session. All calculations and graphs should also be presented.
Answers to lab questions
1. Au NPs are produced as opposed to the bulk element due to the presence of citrate that acts both as a reducing agent and stabilizer at the Au surface to prevent aggregation. More specifically, the adsorbed anionic citrate layer induces the electrostatic repulsion among neighboring nanoparticles in suspension, preventing them from aggregating. The bulk element would be expected to be more thermodynamically stable due to its lower surface energy relative to the nanoparticles. SPR resonance may also be observed for Au NPs as their diameters increase. Larger nanoparticles enable higher charge separation during plasmon oscillation, thus reducing the restoring force for electron oscillation, which manifests itself in a red-shift of the resonance peak. Figure 2B presents the UV-VIS spectra recorded from the AuCl 4 -(aq) and Au NPs suspensions in a single plot.
3. Under an excess of sodium borohydride (the concentration of sodium borohydride was 2000 folds higher relative to 4-nitrophenol), the reaction kinetics approaches the pseudo-first-order regime, in which the variation in the concentration of sodium borohydride during the reaction becomes negligible. 4 . Upon the addition of sodium borohydride, 4-nitrophenol is converted to 4-nitrophenolate ions, that display a strong adsorption peak at 400 nm in the UV-VIS spectra. The decrease in the concentration of 4-nitrophenolate species due to the conversion of 4-nitrophenolate to 4-aminophenol can be estimated by monitoring the intensity of the band at 400 nm. Thus, decrease in the absorbance for the band at 400 nm can be employed to monitor the reaction kinetics (extent of the reaction) and the rate constants can be estimated from the slope of the linear correlation between ln(C t /C 0 ) and time according to the following equation, which represents the pseudo-first-order rate law:
where C t correspond to the absorbance at 400 nm as a function of the time t; C 0 the initial absorbance, and k the rate constant. Figure 4 shows the plots of ln(C t /C 0 ) and the UV-VIS absorption spectra as a function of time for the Au NPs. The TOF can be calculated according to the following equation:
where N 4NP denotes the amount in mols of 4-nitrophenol converted to 4-aminophenol, N Au the amount in mols of Au, and t the time. N 4NP was calculated from a UV-VIS calibration curve for 4-nitrophenolate concentration. Figure 5B shows the calculated TOF as a function of time for Au NPs.
5.
A catalyst refers to a substance that alters the rate of a reaction (generally accelerates), is not consumed during the reaction, and it does not appear in any of its products. A catalyst provides a new pathway for a reaction. If this pathway has lower activation energy than its uncatalysed counterpart, the reaction rate is increased. When the hydrogenation of 4-nitrophenol was performed in the absence of Au NPs, no conversion of 4-nitrophenol was observed (no changes in color were detected). Under the same concentration of Au, as the diameter of the Au NPs increases, the surface area and thus the catalytic activity decrease (as expressed by the TOF and pseudo-first order rate constants).
STUDENT GUIDE Introduction
The optical and catalytic behavior of gold nanoparticles (Au NPs) relative to the bulk element represents a remarkable example of how properties change as we move from the macroscopic to the nanoscopic dimension. While the catalytic activity of Au NPs is largely due to the increase in the particles surface-to-volume ratio, the unique optical properties of Au NPs arise from the interaction of their free electrons with light, in which the oscillating electric field component from the incoming electromagnetic wave drives the free electrons in the metal into collective oscillations, which is the surface plasmon resonance (SPR) excitation [1] [2] . It has been established that many properties (including optical and catalytic) in metal NPs are dependent upon several physical and chemical parameters that include size, shape, composition, and structure (solid or hollow interiors) 3 . Thus, the understanding on how properties vary as a function of these parameters is crucial to optimize performance and enable new applications. In this experiment, you will synthesize Au NPs having three different sizes, followed by an investigation on how their optical and catalytic properties change as a function of size. Specifically, the experiment consists of three main parts. In the first, you will perform the synthesis of three Au NPs samples having increasingly bigger sizes by a seeded growth approach. In the second, you qualitatively and quantitatively investigate the variations in the optical properties due to the formations of Au NPs and also as a function of their size (by both visual inspection and UV-VIS spectroscopy). In the third, you will employ the hydrogenation of 4-nitrophenol by sodium borohydride as a model reaction to investigate the size-dependent catalytic activity of the synthesized Au NPs. You should work as groups of two or three students in three lab sessions of 3 h each. The first, second and third lab sessions should be organized as follows: i) the synthesis of Au NPs having different sizes and investigation of their optical properties; ii) evaluation of the catalytic activity; and iii) data analysis and discussion.
Materials and instrumentation
Analytical grade chemicals gold(III) chloride trihydrate (HAuCl 4 , 99% -Sigma-Aldrich), trisodium citrate dehydrate (C 6 H 5 Na 3 O 7 ·2H 2 O, >99% -Synth), 4-nitrophenol (C 6 H 5 NO 3 , 98% -Merk), and sodium borohydride (NaBH 4 , 95% -Vetec) will used as received. All solutions were prepared using deionized water (18.2 MΩ). UV-VIS spectra will obtained from aqueous solutions or aqueous suspensions containing the nanostructures with a Shimadzu UV-1700 spectrophotometer. Transmission electron microscopy (TEM) images were obtained with a JEOL 1010 microscope at 80 kV. The samples for TEM were prepared by drop-casting aqueous suspensions containing the nanoparticles over a carbon-coated copper grid, followed by drying under ambient conditions.
Hazards
Chloroauric acid trihydrate is corrosive and hygroscopic. It can cause eyes and skin burns upon contact. It also causes gastrointestinal tract burns if swallowed and burns to the respiratory tract by inhalation. Sodium citrate may cause irritation to skin, eyes, and respiratory tract. Sodium borohydride is flammable and toxic. It is also a strong reducing agent, is corrosive, and may cause burns to any area of contact. 4-nitrophenol is poisonous via inhalation, swallowing, and contact with the skin. The experiment described in this work uses dilute solutions, which may be prepared ahead of time to minimize the risk that the solids and concentrated solutions pose to students. Labeled waste containers should be made available. Gloves, lab coat, and safety glasses should be worn throughout the experiment. All laboratory exercises should be carried out under the supervision of trained and qualified personnel.
Synthesis of Au NPs with controlled sizes
The synthesis of Au NPs should be performed by a seeded growth approach 4 . In the first step, Au NPs can be prepared by adding 150 mL of a 2.2 mmol L -1 sodium citrate aqueous solution to a 250 mL round-bottom flask under magnetic stirring. This system should be heated to 100 °C for 15 minutes. Then, 1 mL of a 25 mmol L solution to the reaction mixture containing the Au NPs seeds and keep the reaction mixture at 100 °C for another 30 min. This will produce a suspension containing the Au NPs (first deposition step). Similarly, a second deposition step should be performed by adding another 1 mL of a 60 mmol L -1 sodium citrate solution and 1 mL of a 25 mmol L -1 AuCl 4 -(aq) solution to the reaction mixture obtained after the first deposition step, in which the Au NPs produced after the first deposition step serve as seeds for further growth. In these reactions, each Au NPs sample could be isolated by stopping the reaction at the end of each corresponding reduction/deposition step. In order to minimize the synthesis time of Au NPs with different sizes, it is recommended to perform three independent/parallel reactions, one for each desired Au NPs size (seed, first and second deposition steps). The average diameters of the Au NPs were determined by individually measuring the width of 20 nanoparticles from the TEM images.
Optical properties
The change on optical properties due to the formation of Au NPs as compared to the AuCl 4 -precursor solution and the bulk metal should be first detected by visualizing the change in color for the suspension containing the Au NPs relative to the solution containing the AuCl 4 -precursor. Furthermore, the size dependent optical properties of the Au NPs can be directly visualized as the change in color of the Au NPs suspensions. In order to quantify the change in optical properties due to the formation of Au NPs and also their dependence on size, UV-VIS spectra should be measured from an aqueous solution containing the AuCl 4 -precursor and also from aqueous suspensions containing the Au NPs with a Shimadzu UV-1700 spectrophotometer in the 300-800 nm range.
Study of catalytic activities: 4-nitrophenol reduction reaction
The hydrogenation of 4-nitrophenol was monitored by UV-VIS absorption spectroscopy in the 350 to 500 nm range 5, 6 . In order to perform this procedure, add 2 mL of a 42 mmol L -1 sodium borohydride solution to 0.3 mL of 0.14 mmol L -1 4-nitrophenol aqueous solution in a quartz cuvette, which should then inserted into the spectrophotometer. Register the initial spectrum. Considering that the Au concentration (mmol L -1 ) employed in each reaction (growing step) was different, each of the resulting Au NPs suspension (Au NPs seeds, Au NPs after the first deposition step, and Au NPs after second deposition step) should be diluted so that the Au concentration is the same in all cases (8.2 The variations in the absorbance with time should be employed to calculate the rate constants. The turnover frequency (TOF), a common parameter to describe catalytic activity, should also be estimated from the 4-nitrophenol calibration curve and the following expression:
where N 4NP denotes the amount in mols of 4-nitrophenol converted to 4-aminophenol, N Au the amount in mols of Au, and t the time.
Lab questions

Why does the reduction of AuCl 4
-(aq) by sodium citrate under the employed conditions yield nanoparticles as opposed to the bulk element? Which one (nanoparticles or bulk element) would you expect to be more thermodynamically stable under ideal conditions? What is the role of sodium citrate in the synthesis of Au NPs? 2. Sketch the surface plasmon resonance phenomenon for an individual spherical nanoparticle (metallic). Consider the interaction between the electric field component from an incoming electromagnetic wave and conduction electrons in the metal nanoparticle. Propose an explanation for the variation in the color from the suspensions containing the Au NPs as a function of size. Present the UV-VIS spectra recorded from the AuCl 4 -(aq) and Au NPs suspensions in a single plot.
3. Which rate law best described the reaction kinetics for the hydrogenation of 4-nitrophenol? Explain.
4. How you can calculate the rate constants for the reaction employing each catalyst from the recorded data? Present your calculations of rate constants and TOF. Present the plots describing the variation in the UV-VIS spectra with time in all cases and also the plots employed to estimate the rate constants.
5. What is the definition of a catalyst? What did you observe when the hydrogenation of 4-nitrophenol was performed in the absence of Au NPs?
6. Considering that the synthesized Au NPs were 15 ± 2.2, 26 ± 2.4, and 34 ± 3.0 nm in diameter, respectively, and that the Au concentration was the same in all catalytic tests, calculate the specific surface area available for catalysis, expressed as m 2 /g, in each case (for each nanosphere sample). Use this result to describe the variations in catalytic activity for the Au NPs samples.
